Introduction {#S0001}
============

Lung cancer is the leading cause of cancer-related deaths among men worldwide. Currently, treatment of lung cancer includes surgery, chemotherapy, targeted therapy, radiation, radiofrequency ablation, or a combination of these therapies.[@CIT0001],[@CIT0002] However, treatment outcomes are generally poor. Therefore, to explore effective therapeutic strategies for lung cancer is essential. Low-temperature plasma (LTP) is a useful tool with several applications in the biomedical field, such as wound healing,[@CIT0003] teeth treatment,[@CIT0004] blood coagulation[@CIT0005] and tumour therapy. Recent studies showed that LTP is a promising alternative treatment for cancer.

MicroRNAs (miRNAs) can regulate gene expression by targeting mRNAs, and function as tumour suppressors or oncogenes in cancer cells.[@CIT0006] The miRNAs regulate a variety of complex biological processes including apoptosis and cell growth, proliferation and differentiation. The miRNA dysfunction is associated with cancer pathogenesis and development. Dysfunction of miR-101 is involved in ovarian cancer,[@CIT0007] miR-647 is related to gastric cancer,[@CIT0008] miR-130a is associated with colorectal cancer,[@CIT0009] miR-218 is linked to lung cancer,[@CIT0010] and miR-320a mediates liver cancer.[@CIT0011] The miR-203, located on chromosome 14, is involved in various types of cancer. miR-203a-3p functions as a tumour suppressor in gastric cancer,[@CIT0012] and miR-203a inhibits HCC cell invasion and metastasis.[@CIT0013]

miR-203a (also known as a member of miR-203) may play a role as a tumour suppressor gene. Herein, we found that LTP could suppress the growth of lung cancer cells. We analysed the biological mechanisms of LTP in proliferation inhibition and apoptosis induction in lung cancer cells at the cellular and molecular levels. We also identified miRNAs altered after LTP treatment. We found that LTP mediated the expression of miR-203a, which targeted BIRC5 to inhibit proliferation and induce apoptosis. These findings demonstrated that LTP may have therapeutic potential for lung cancer.

Materials and Methods {#S0002}
=====================

Cell Culture and Tissues {#S0002-S2001}
------------------------

A549, H1299, and HEK293 cells were cultured in DMEM with 10% fetal bovine serum (Gibco BRL, NY, USA) in a humidified incubator with 5% CO~2~ at 37°C. Cell line were provided by the Key University, Ministry of Education (Xi'an, Shaanxi, China). The use of these cell lines was approved by Institute Research Ethics Committee at Cancer, Xi'an Jiaotong University. Human lung cancer tissues and the matched adjacent non-malignant tissues were obtained from the First Affiliated Hospital of Xi'an Jiaotong University. The patient consent was written informed consent. The study was approved by the Institute Research Ethics Committee at Cancer, Xi'an Jiaotong University.

LTP Treatment Procedure {#S0002-S2002}
-----------------------

A549 and H1299 cells were cultured in 96-well plates in 200 μL of medium per well at a density of 2.5 × 10^4^ cells/mL in a humidified incubator with 5% CO~2~ overnight. The cells were then treated with atmospheric helium plasma at room temperature for 0, 5, 10, 15, 20, 25, or 30 s and cultured for 24, 48, or 72 h.

qRT-PCR {#S0002-S2003}
-------

RNA was extracted by TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). Prime-Script RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) and RNA were used to generate cDNA. cDNA was subjected to qRT-PCR using the SYBR Green PCR kit (Takara Biotechnology Co., Ltd.). An FTC-3000™ system (Funglyn Biotech Inc., Toronto, ON, Canada) was used to perform PCR amplification. The primer sequences are presented in [Table 1](#T0001){ref-type="table"}.Table 1Primers and oligonucleotides used in this workNameSequence (5′--3′)miR-203a-RTGTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTAGTGGmiR-203a-FATCCAGTGCGTGTCGTGmiR-203a-RTGCTGTGAAATGTTTAGGAU6-RTCGCTTCACGAATTTGCGTGTCATU6-FGCTTCGGCAGCACATATACTAAAATU6-RCGCTTCACGAATTTGCGTGTCATmiR-203a inhibitorCTAGTGGTCCTAAACATTTCACinhibitor-ctrlCAGTACTTTTGTGTAGTACAAsi-ctrl-SUUCUCCGAACGUGUCACGUTTsi-ctrl-AACGUGACACGUUCGGAGAATTsi-BIRC5-SCCAACAAUAAGAAGAAAGATTsi-BIRC5-AUCUUUCUUCUUAUUGUUGGTTBIRC5-FCTTGGCCCAGTGTTTCTTCTBIRC5-RCTTATTGTTGGTTTCCTTTGCATβ-Actin-FCCAACCGCGAGAAGATGAβ-Actin-RCCAGAGGCGTACAGGGATAG

Plasmid Construction and Transient Transfection {#S0002-S2004}
-----------------------------------------------

Pre-miR-203a oligonucleotides were synthesized and cloned into the pcDNA6.2-GW/EmGFP vector between the EcoRI and HindIII sites. We identified a fragment of *BIRC5* as an miR-203a target through bioinformatic analysis. The 3′ UTR of *BIRC5* was synthesized and cloned into the pmirGLODual-Luciferase miRNA Target Expression Vector (Promega, Madison, WI, USA) between the SacI and XhoI sites. The sequences of miR-203a inhibitor and inhibitor-control are listed in [Table 1](#T0001){ref-type="table"}. Small interfering RNA (siRNA) targeting *BIRC5* were purchased from GenePharma (GenePharma, Shanghai, China). All sequences are listed in [Table 1](#T0001){ref-type="table"}. A549 and H1299 cells were seeded in DMEM supplemented with 10% FBS and cultured for 24 h. Then, the miR-203a overexpression vector, miR-ctrl, miR-203a inhibitor, inhibitor-ctrl, si-BIRC5, or si-ctrl was transfected into the cells by jetPRIME^®^ from Polyplus-transfection (Illkirch, France).

CCK-8 Assay {#S0002-S2005}
-----------

A549 and H1299 cells were seeded in 96-well plates. Cells were treated by LTP or transfected with miR-203a, miR-203a inhibitor, si-BIRC5, or their respective controls. Cell viability was analyzed by the Cell Counting Kit-8 (CCK-8, 7Sea Biotech, Shanghai, China) at 24, 48, and 72 h after LTP treatment or transfection. The optical density at a wavelength of 450 nm was measured using the FLUOstar OPTIMA microplate reader (BMG Labtech GmbH, Ortenberg, Germany).

Colony Formation Assay {#S0002-S2006}
----------------------

A549 and H1299 cells (3000 cells/well) were seeded into 6-well plates after transfection. The plates were washed with phosphate-buffered saline (PBS) after incubation for 14 days, and the colonies were stained with 0.1% crystal violet for 30 min. The colonies were then rinsed with phosphate-buffered saline and analyzed using a computer software (Quantity One, Bio-Rad, Hercules, CA, USA).

Cell Apoptosis Assay {#S0002-S2007}
--------------------

A549 and H1299 cells treated with LTP or transfection were harvested after 48 h of culture and stained with the annexin V-FITC/PI Apoptosis Detection Kit (7Sea Biotech, Shanghai, China). The apoptosis of cells was examined by flow cytometry (Becton Dickinson, USA).

Immunohistochemistry {#S0002-S2008}
--------------------

The tissues were fixed in 10% formalin buffer and made into paraffin sections. The paraffin sections were sliced into a thickness of 5 µm. The sections were deparaffinized with xylene and hydrated using graded alcohol, antigen retrieval and blocking. The slides were incubated with primary antibodies (BIRC5, diluted 1:100) at 4°C overnight, then the slides were incubated with secondary antibody for 30 min at room temperature. Detection was performed using 3, 3′-diaminobenzidine (DAB) and hematoxylin. Finally, digital images were obtained using a Leica image analysis system.

Dual-Luciferase Assay {#S0002-S2009}
---------------------

The 3′ UTR of BIRC5 including wild-type (wt) or mutated (mut) miR-203a binding sites was cloned in the pmirGLO Vector (Promega, USA). HEK293 cells were co-transfected with pre-miR-203a and wt BIRC5-3′ UTR, mut BIRC5-3′ UTR, or pmirGLO vector using jetPRIME^®^. A reporter assay was employed via the dual-luciferase reporter assay system (Promega) at 24 h post-transfection.

Western Blot {#S0002-S2010}
------------

Proteins were extracted with the radioimmunoprecipitation assay buffer. The proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% non-fat milk in Tris buffer saline with 0.1% Tween-20 (TBST) for 1 h. Then incubated with antibodies against BIRC5 (ProteinTech Group, Wuhan, China; diluted 1:1000) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; diluted 1:2000) at 4°C overnight. After three washes with TBST, the membrane was incubated with a goat anti-rabbit or goat anti-mouse antibody (Bioworld; diluted 1/3000) for 2 h. TBST was used to wash the membrane for three times, then the membrane was incubated with the ECL Plus Reagent (Millipore, USA). The blots were detected by Quantity One imaging software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical Analysis {#S0002-S2011}
--------------------

All data are presented as mean ± standard error. Data were analyzed by Student's *t*-test or one-way ANOVA followed by a Tukey's post hoc test to analyze the differences between the groups. All analyses were conducted using SPSS 13.0. p \< 0.05 was considered to be statistically significant.

Results {#S0003}
=======

Atmospheric-Pressure Plasma Jet (APPJ) Equipment {#S0003-S2001}
------------------------------------------------

An APPJ with a co-axial double ring electrode configuration provided the plasma source. A hollow quartz tube with an inner diameter of 2 mm and an outer diameter of 4 mm was used as the barrier dielectric. The tube, which functioned as the barrier dielectric and airflow channel, was wrapped with two copper ring electrodes. The distance from the grounded electrode to the quartz tube nozzle was 0.5 cm. During the experiment, the helium flow rate was 1 L/min, the intermediate frequency was 39.5 kHz and the peak voltage was 7 kV. The length of the plasma jet generated by the APPJ was \~1.5 cm and the temperature at the tip of the effluent plasma ranged from 25°C to 34°C ([Figure 1](#F0001){ref-type="fig"}).Figure 1Schematic of the experimental setup.

LTP Suppresses Lung Cancer Cell Proliferation and Induces Expression of miR-203a {#S0003-S2002}
--------------------------------------------------------------------------------

A549 and H1299 cells were seeded in 96-well plates and cultured for 24 h. They were then treated with atmospheric helium plasma at room temperature for various durations. CCK-8 assays indicated that LTP significantly inhibited the proliferation of lung cancer cells; when cells were treated for 25 s, growth inhibition almost reached a plateau compared to controls ([Figure 2A](#F0002){ref-type="fig"}). Therefore, we chose a treatment time of 25 s for further studies. Cell apoptosis assays showed that LTP induced apoptosis in A549 and H1299 cells ([Figure 2B](#F0002){ref-type="fig"}).Figure 2LTP suppresses lung cancer cells proliferation and induces the expression of miR-203a. (**A**) Effects of LTP on A549 cells and H1299 cell proliferation were detected with CCK-8 assay. (**B**) Apoptosis was determined after A549 cells/H1299 cells were treated with LTP for 25 s. (**C**) qRT-PCR was performed to examine the expression of miR-203a, miR-15a and miR-195 after treating with LTP in A549 cells. (**D**) qRT-PCR was performed to examine the expression of miR-203a after treating with LTP in H1299 cells. (**E**) The expression of miR-203a was detected after transfected with pre-miR-203a comparing with miR-ctrl. (**F**) The expression of miR-203a was detected after transfected with inhibitor of miR-203a comparing with inhibitor-ctrl. (**G**) qRT-PCR was performed to examine miR-203a expression in17 paired lung cancer and adjacent normal tissues (\*P\<0.05, \*\*P\<0.01).

Next, we performed qRT-PCR to evaluate the expression of miR-203a, miR-15a and miR-195 following LTP treatment in A549 cells. Our results showed that miR-203a was upregulated after cells were treated with LTP ([Figure 2C](#F0002){ref-type="fig"} and D), hence we choose miR-203a for further study. We engineered an overexpression vector, synthesised an miR-203a inhibitor, and evaluated their effectiveness by qRT-PCR. The miR-203a overexpression vector significantly increased the expression of miR-203a, while the miR-203a inhibitor significantly suppressed the expression of miR-203a ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). Expression of miR-203a was detected in 17 pairs of lung cancer tissues and their matched adjacent non-cancerous tissue samples obtained from patients at the First Affiliated Hospital of Xi'an Jiaotong University, China. Informed consent was obtained from each patient. We observed that miR-203a was significantly downregulated in lung cancer samples compared with matched adjacent non-cancerous tissues ([Figure 2G](#F0002){ref-type="fig"}). These results suggested that LTP could inhibit cell proliferation, induce apoptosis and expression of miR-203a in lung cancer cells.

The miR-203a Inhibits Proliferation and Induces Apoptosis in Lung Cancer Cells {#S0003-S2003}
------------------------------------------------------------------------------

To confirm the effects of miR-203a on lung cancer cells, A549 and H1299 cells were transfected with pre-miR-203a or miR-ctrl. CCK-8 assays showed that overexpression of miR-203a inhibited cell proliferation ([Figure 3A](#F0003){ref-type="fig"}). Cells transfected with pre-miR-203a formed fewer colonies ([Figure 3B](#F0003){ref-type="fig"}). Cell apoptosis assays also showed that miR-203a overexpression induced a remarkable increase in the number of early apoptotic cells ([Figure 3C](#F0003){ref-type="fig"}).Figure 3miR-203a inhibits proliferation and induces apoptosis in lung cancer cells. (**A**) A549/H1299 cells were transfected with pre-miR-203a or miR-ctrl, then detected with CCK-8 assay. (**B**) Colony formation was applied to measure the effect on A549/H1299 cells treated with miR-203a or miR-ctrl. (**C**) Apoptosis was detected in A549/H1299 cells after transfection with miR-203a or miR-ctrl (\**P*\<0.05, \*\**P*\<0.01).

The miR-203a Inhibitors Promote Proliferation in Lung Cancer Cells {#S0003-S2004}
------------------------------------------------------------------

Silencing the expression of miR-203a increased the proliferation of lung cancer cells ([Figure 4A](#F0004){ref-type="fig"}), and the number of colonies formed was more in the miR-203a inhibitor-transfected than in the control in A549 cells([Figure 4B](#F0004){ref-type="fig"}). There were no obvious differences between miR-203a inhibitor transfection and control inhibitor (inhibitor-ctrl) transfection in A549 cells, whereas the miR-203a inhibitor suppressed late apoptosis in H1299 cells ([Figure 4C](#F0004){ref-type="fig"}). BIRC5 protein expression was increased after miR-203a inhibitor transfection ([Figure 4D](#F0004){ref-type="fig"}).Figure 4miR-203a inhibitor promotes proliferation in lung cancer cells. (**A**) miR-203a inhibitor or inhibitor-ctrl was transfection in A549/H1299 cells and determined by CCK-8 assay. (**B**) Colony formation was performed to detect the effect on A549/H1299 cells treated with miR-203a inhibitor or inhibitor-ctrl (\*P\<0.05, \*\*P\<0.01). (**C**) Apoptosis was detected in A549/H1299 cells after transfection with miR-203a inhibitor or inhibitor-ctrl (\**P*\<0.05, \*\**P*\<0.01). (**D**) BIRC5 protein expression levels were measured in A549/H1299 cells after transfection with miR-203a inhibitor or inhibitor-ctrl by Western blot (\**P*\<0.05, \*\**P*\<0.01).

BIRC5 Is a Direct Target of miR-203a {#S0003-S2005}
------------------------------------

We found that BIRC5 had a potential miR-203a binding site in its 3ʹ-untranslated region (UTR) using miRNA target prediction programs ([Figure 5A](#F0005){ref-type="fig"}). Correlation analysis of miR-203 and BIRC5 was performed by LinkedOmics[@CIT0014] and their expression levels were found to be negatively correlated ([Figure 5B](#F0005){ref-type="fig"}). We examined protein abundance of BIRC5 by immunohistochemical (IHC) staining, and the results showed that BIRC5 abundance was higher in lung cancer tissues than in normal tissues ([Figure 5C](#F0005){ref-type="fig"}).Figure 5BIRC5 is a direct target of miR-203a. (**A**) miR-203a has the binding sites of the 3′-UTR of BIRC5. (**B**) The expression correlation analysis of miR-203 and BIRC5 was analyzed by Linkedomics. (**C**) IHC assay was performed to detect the protein expression of BIRC5 in lung cancer tissues. (**D**) The luciferase assay was performed with pre-miR-203a co-transfected with pGLO-BRIC5 wild-type or pGLO-BIRC5 mutant vector in HEK293 cells, pre-miR-203a co-transfected with pGLO was used as control. (**E**) The protein expression levels of BIRC5 were detected by Western blot after transfection with pre-miR-203a or miR-control. (**F**) UALCAN was used to analyze the expression of BIRC5 in Lung adenocarcinoma. (**G**) UALCAN was used to analyze the expression of BIRC5 in different lung adenocarcinoma stages. (**H**) Expression of BIRC5 in lung adenocarcinoma based on nodal metastasis status analyze by UALCAN. (**I**) Survival of lung adenocarcinoma patients with difference of BIRC5 expression (\**P*\<0.05, \*\**P*\<0.01).

We then performed the dual-luciferase reporter assays to confirm whether BIRC5 is a direct target of miR-203a. Luciferase activity in the pre-miR-203a and wild-type (wt) BIRC5 3ʹ-UTR co-transfection group was significantly reduced compared with that in the control group, the control group is pre-miR-203a and pmirGLO vector co-transfection. Meanwhile, luciferase activity was not altered in the miR-203a and mutant BIRC5 3ʹ-UTR co-transfection group compared with that in control group ([Figure 5D](#F0005){ref-type="fig"}). Additionally, Western blotting was conducted to measure protein expression for BIRC5 after A549 cells were transfected with pre-miR-203a or miR-ctrl. Pre-miR-203a transfection in A549 cells downregulated BIRC5 expression. Furthermore, Western blotting demonstrated that miR-203a overexpression reduced BIRC5 protein abundance in A549 cells ([Figure 5E](#F0005){ref-type="fig"}). Together, these results suggested that miR-203a may act as a tumour suppressor and prevent lung cancer progression.

Next, we used UALCAN[@CIT0015] to analyse the expression of BIRC5 in lung adenocarcinomas, and found that expression of BIRC5 was higher in tumours than in normal tissue. Additionally, expression of BIRC5 was higher in stage I--IV LUAD than controls, expression increased with increasing lymph node invasion, and high expression of BIRC5 correlates with worse prognosis ([Figure 5F](#F0005){ref-type="fig"}--[I](#F0005){ref-type="fig"}).

Silencing of BIRC5 Suppresses Proliferation and Induces Apoptosis in Lung Cancer Cells {#S0003-S2006}
--------------------------------------------------------------------------------------

The effectiveness of si-BIRC5 was examined by qRT-PCR in A549 and H1299 cells. We observed that expression of *BIRC5* was decreased after transfection with si-BIRC5 ([Figure 6A](#F0006){ref-type="fig"}). To determine whether *BIRC5* knockdown contributed to growth inhibition, we performed CCK-8 assays and the colony formation assays in A549 and H1299 cells after transfection with si-BIRC5. *BIRC5* knockdown had a significant inhibitory effect in both A549 and H1299 cells ([Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}), as evidenced by the cell apoptosis assays which showed that si-BIRC5 increased early apoptosis in A549 and H1299 cells ([Figure 6D](#F0006){ref-type="fig"}). Western blotting demonstrated that BIRC5 protein expression was reduced in A549 and H1299 cells transfected with si-BIRC5 ([Figure 6E](#F0006){ref-type="fig"}). These findings demonstrated that silencing of *BIRC5* inhibited cell growth and induced apoptosis in lung cancer cells.Figure 6Silencing of BIRC5 suppresses proliferation and induces apoptosis in lung cancer cells. (**A**) the expression of BIRC5 was detected after transfected with si-BIRC5 comparing with si-ctrl in A549/H1299 cells. (**B**) CCK-8 assay was to detect the effect of silencing of BIRC5 on A549/H1299 cells transfected with si-BIRC5 or si-ctrl. (**C**) Colony formation was performed to measure the effect of silencing of BIRC5 on A549/H1299 cells transfected with si-BIRC5 or si-ctrl. (**D**) Apoptosis was detected in A549/H1299 cells after transfection with si-BIRC5 or si-ctrl. (**E**) Western blot was used to detect the BIRC5 protein expression levels in A549/H1299 cells which transfection with si-BIRC5or si-trl (\*P\<0.05, \*\*P\<0.01).

LTP Mediates miR-203a Suppression of Proliferation and Induces Apoptosis of Lung Cancer Cells by Targeting BIRC5 {#S0003-S2007}
----------------------------------------------------------------------------------------------------------------

LTP suppressed proliferation and promoted apoptosis in lung cancer cells, and induced expression of miR-203a. Activated miR-203a suppressed growth and induced apoptosis in lung cancer cells by targeting BIRC5 ([Figure 7](#F0007){ref-type="fig"}).Figure 7LTP mediates miR-203a/BIRC5 axis suppress proliferation and induces apoptosis of lung cancer cells.

Discussion {#S0004}
==========

Medical applications for LTP are increasing since studies have shown that it can be used as an additional cancer therapy. Our present study employed an APPJ with multiple electrodes to produce plasma, and LTP had obvious effects on A549 and H1299 lung cancer cells. Specifically, LTP promoted apoptosis and suppressed proliferation of lung cancer cells. We further investigated the mechanism of LTP in lung cancer progression and found that miR-203a was increased when A549 or H1299 cells were treated with LTP, suggesting that miR-203a may play a key role in growth inhibition of lung cancer cells by LTP.

Numerous studies have shown that miRNAs play important roles during lung cancer progression. However, the exact role of miRNA dysregulation in the pathogenesis of lung cancer requires further investigation. Our results showed that miR-203a overexpression suppressed proliferation and promoted apoptosis in A549 and H1299 cells. The miR-203a may be a potential tumour suppressor gene in lung cancer. The miRNAs interact with the 3ʹ-UTR of the target gene mRNA to regulate mRNA degradation or inhibition. Through bioinformatics analysis and dual-luciferase reporter assays, we demonstrated that miR-203a could target BIRC5, a member of the inhibitor of apoptosis (IAP) gene family, which consists of BIRC1--8. The BIRC5 gene, also known as survivin, is associated with most common human cancers, including human endometrial cancer,[@CIT0016] bladder cancer,[@CIT0017],[@CIT0018] hepatocellular carcinoma,[@CIT0019] breast cancer[@CIT0020] and ovarian cancer.[@CIT0021] BIRC5 may play a critical role in regulating the cell cycle, proliferation, progression and angiogenesis in cancer cells.[@CIT0022] Thus, BIRC5 may be a potential target for cancer treatment.[@CIT0023],[@CIT0024] Herein, we found that si-BIRC5 inhibited proliferation in both A549 and H1299 cells.

Our study demonstrated inhibition of proliferation by LTP in lung cancer cells. Furthermore, we found that miR-203a was increased after lung cancer cells were treated with LTP. We focused on the miR-203a/*BIRC5* axis in LTP-treated cells and revealed that miR-203a targets *BIRC5* to induce apoptosis in lung cancer cells. Thus, APPJ may be an attractive anti-cancer treatment method. Our findings demonstrated that the miR-203a/*BIRC5* axis was affected by LTP, which may explain why LTP suppressed lung cancer cell growth.

This work was supported by Postdoctoral Science Foundation of China (no. 2017M623195).

Disclosure {#S0005}
==========

The authors declare there is no conflict of interest in this work.
